Although treatment for prostate cancer has improved over the past several years, taxanes remain the only form of chemotherapy that improves survival in patients with metastatic castrationresistant prostate cancer (mCRPC). In addition to the promising therapeutic cancer vaccines and newly developed agents targeting androgen receptor signaling, chemotherapy-based treatments will likely continue to play a significant role in patients with mCRPC. Recently published data that showed that a second taxane (cabazitaxel) extends survival after progression on docetaxel was a significant step forward, but also highlighted the need to overcome taxane resistance in prostate cancer. Preliminary evidence suggests that several treatment strategies may improve the activity of taxanes in prostate cancer and perhaps enhance clinical outcomes. Clin Cancer Res; 17(12); 3892-902. Ó2011 AACR.
Introduction
The demonstration that docetaxel in combination with prednisone (or estramustine) could improve overall survival (OS) in men with castration-resistant metastatic prostate cancer (mCRPC) immediately generated 2 questions: How can taxane-based therapy be improved? Can the patients who develop progression postdocetaxel be successfully treated with alternative agents? Though the first question has yet to be definitively answered, 2 trials presented in 2010 (with cabazitaxel and abiraterone) have presented alternative successful strategies on treating patients whose disease progresses on docetaxel.
As aspects of this question have evolved during the last decade, so has our understanding of prostate cancer. Additional investigations from taxane combinations, novel taxanes, and emerging data about intermittent scheduling provide the basis for future strategies. Clinical data from several trials have suggested that the androgen receptor (AR) remains a viable target, even in patients whose disease has progressed on chemotherapy. Furthermore, AR signaling may be one mechanism driving resistance to a variety of agents, including taxanes. Taken together, these new insights have led to new strategies for treating the prostate cancer patient resistant to docetaxel.
Mechanisms of Taxane Activity and Resistance
As prostate cancer progresses, heterogeneity increases and multiple mechanisms may account for the drug resistance, even in the same patient. Taxanes exert an antineoplastic effect by stabilizing microtubules, which are fibrillar components of the intracellular apparatus that play a vital role in migration, intracellular transport, signaling, and proliferation. Microtubules are composed of a-and b-tubulin and exist in a dynamic equilibrium with free intracellular a-and b-tubulin subunits. Microtubule elongation, which occurs through the addition of a-and b-tubulin subunits to existing microtubules, is essential to the role of microtubules in mitosis (1) . Taxanes can bind to tubulin, preventing the assembly of microtubules, as well as microtubular depolymerization. For cancer cells undergoing rapid proliferation, effects on microtubules ultimately lead to cell cycle arrest in metaphase, followed by apoptosis (2) . Specifically for prostate cancer cells, taxane-impaired microtubule function may lead to decreased AR nuclear translocation. Resistance to taxanes may or may not involve alternative AR signaling pathways. The lower activity of modern hormonal therapies, such as MDV3100 and abiraterone, observed post-taxane treatments might be due to taxane-induced AR signaling changes. Alternatively, it simply might be due to higher burdens of disease in the post-taxane treatment-treated patient population.
General mechanisms of taxane resistance have been widely investigated (Table 1) . Cancer cells with multidrug resistance (mdr1) gene expression may be able to minimize the intracellular concentration of taxanes by increasing efflux through a P-glycoprotein pump (3). In addition, modulation of microtubule characteristics may alter responsiveness to taxanes. For example, increased dynamic activity of the microtubules after treatment can decrease the efficacy of taxanes (4, 5) . Mutations leading alterations in the microtubule-binding site of taxanes or in microtubule-associated proteins can also reduce the efficacy of taxanes (6, 7) . One particular mechanism of resistance, overexpression of the bIII isoform of tubulin, may be particularly important in prostate cancer, in which bIII overexpression has been associated with castration-resistant disease and the decreased efficacy of docetaxel (8, 9) . AR signaling drives prostate cancer cellular proliferation, even in disease considered castration resistant (10) . As prostate cancer progresses, molecular mechanisms such as AR splice variants could develop, which could enhance ligand-independent AR signaling and lead to drug resistance. Increased AR expression, through either amplified gene expression or increased molecular stability, may allow the cells to become increasingly androgen sensitive (11, 12) . Enhanced efficacy of nuclear steroid receptors that function downstream from the AR and serve as coactivators for transcription factors may also promote chemotherapy resistance (13) . In addition, prostate cancer cells may develop autocrine-or paracrine-mediated cellular growth, producing various androgens to drive these aberrant mechanisms through cytochrome P17 (CYP17)-mediated androgen synthesis (14, 15) .
AR signaling cascades have been associated with cellular proliferation pathways and decreased apoptosis (16) . In addition, AR signaling has been shown to regulate interactions with the tumor microenvironment, via mediators such as VEGF and transforming growth factor-b, promoting cellular proliferation (17, 18) . It is possible that altered androgen signaling cascades, through these oncogenic processes, can lead to chemotherapy resistance in patients being treated with taxanes.
Cabazitaxel Preclinical Data
Cabazitaxel bears structural and mechanistic similarity to docetaxel ( Fig. 1 ; refs. [19] [20] [21] [22] . Nonetheless, available preclinical data suggest the ability to overcome first-generation taxane resistance. The first in vitro assessment of cabazitaxel was reported approximately a decade ago, with antitumor activity noted in breast carcinoma, cervical adenocarcinoma, and leukemia cell lines at nanomolar concentrations (23) . The activity of the agent was clearly present in cell lines resistant to standard cytoxic agents, including the taxanes docetaxel and paclitaxel, perhaps mediated by a lower affinity for the P-glycoprotein efflux pump (24) . Subsequent in vivo assessment in colon C38 and pancreas P03 murine tumor xenografts showed nearly complete tumor regression (25) . In the hormone-resistant DU145 prostate cancer cell line, complete tumor regression and prolonged survival were observed.
After confirmation of antitumor activity using in vitro and in vivo models, including the models resistant to other taxanes, subsequent efforts focused on eliciting the pharmacokinetic profile of the agent. In early animal studies, the agent exhibited an atypical distribution.
14 C-labeled cabazitaxel was administered to mice at increasing doses, with a proportional increase in plasma concentration (26) . In contrast, central nervous system (CNS) concentrations of the agent increased more than proportionally. In rodent models, CNS accumulation of the drug increased when plasma concentrations were greater than 11 mmol/L, suggesting that P-glycoprotein transport could exhibit saturable kinetics (27) . In orthotopic murine models incorporating human glioblastoma cell lines, significant tumor regression with cabazitaxel therapy has 
Cabazitaxel Phase I Data
The above encouraging preclinical data led to a phase I trial of cabazitaxel, including 25 patients with advanced solid tumors resistant to prior chemotherapy administration (24) . The median age of the study population was 60, and the majority had either prostate or colorectal cancer (n ¼ 8 for both). Approximately 32% of patients had received prior taxane therapy. The rate of doselimiting toxicity (DLT) exceeded predefined limits at a dose of 25 mg/m 2 , including protracted grade 4 neutropenia in 2 patients and febrile neutropenia in a separate patient. Therefore, 20 mg/m 2 emerged as the recommended phase II dose, with 9 patients treated at this dose level with no associated DLTs. In this phase I experience, antitumor activity was noted in 2 prostate cancer patients treated at 15 and 25 mg/m 2 , respectively. Both experienced a PSA decline greater than 50%, and a reduction in target lesions characterized as a partial response.
Phase III Testing of Cabazitaxel
The interesting results in advanced prostate cancer in the phase I trial, coupled with the provocative preclinical data, directly led to a phase III trial in mCRPC, in which patients were randomized to cabazitaxel and prednisone or mitoxantrone and prednisone (29) . The entry criteria for the trial (termed TROPIC) included progression of disease despite prior docetaxel therapy. This was the first phase III trial specifically designed for this population. Initially, a minimum dose of docetaxel was not required, but the trial was amended to specifically state that all patients needed to have received at least 225 mg/m 2 of docetaxel prior to entry. This requirement was incorporated to ensure that enrolled patients would be enriched for taxane resistance. For those patients with measurable disease, progression by Response Evaluation Criteria In Solid Tumors (RECIST) criteria was required. For those patients with nonmeasurable disease, either the appearance of new lesions or 2 consecutive increases in PSA !1 week apart were required either during or after docetaxel treatments. Exclusion criteria included prior radiation to >40% of the bone marrow, known brain metastases, prior mitoxantrone, an ejection fraction of less than 50%, or a history of severe hypersensitivity to polysorbate 80-containing drugs.
The trial was conducted in 26 countries and was stratified for Eastern Cooperative Oncology Group (ECOG) performance status (0 to 1 versus 2) and measurable disease (present versus absent). The primary endpoint was OS using an intent-to-treat analysis. Prespecified secondary endpoints included a composite progression-free survival (PFS), PSA response rate, and time to PSA progression; pain response rate and time to pain progression; and tumor (RECIST) response rate and time to tumor progression. The composite PFS endpoint was determined by the first event to occur among PSA progression, tumor progression, pain progression, or death. The trial was designed with a 90% power to detect a hazard ratio (HR) of 0.75 for OS with a 2-sided type I error of 0.05. The study was designed to enroll 720 patients, and final analysis was planned after 511 deaths.
Cabazitaxel was administered intravenously at a dose of 25 mg/m 2 every 3 weeks, mitoxantrone was also administered every 3 weeks at a dose of 12 mg/m 2 . All patients received oral prednisone 10 mg/day. Unlike paclitaxel or docetaxel, premedications in the cabazitaxel group did not include oral corticosteroids. An antihistamine, corticosteroid, and H2 antagonist were intravenously given 30 minutes before a 1-hour infusion of cabazitaxel. The trial enrolled a total of 755 patients between January 2007 and September 2009. The patient characteristics were well balanced, but several features were notable. Of the enrolled population, 92% had an ECOG performance status of 0 to 1. The percentage of low performance status patients was surprisingly low given the limited life expectancy of this population. Median PSAs were 129.5 and 143.9 in the mitoxantrone and cabazitaxel group, respectively. More than half of the patients (53.5%) had bidimensionally measurable disease, and approximately one fourth of patients had visceral metastases. This proportion of patients is unusually high for an mCRPC population and may reflect a combination of the proscribed entry criteria and advanced nature of their disease. Most patients received 1 prior docetaxel-containing regimen (approximately 70%), but nearly 30% received 2 or more chemotherapeutic regimens prior to trial entry. The median doses of prior docetaxel in the mitoxantrone and cabazitaxel arms was 529 and 576 mg/m 2 , respectively. The median time from prior docetaxel to progression was less than 1 month.
At the time of final analysis, the median follow-up was 13.7 months. We note that patients with disease progression postdocetaxel in prior trials have had a life expectancy of approximately 11 to 13 months (12, 13) . A total of 585 deaths had occurred, and only 15 patients were lost to follow-up. The median number of cabazitaxel cycles was 6, whereas the median number of mitoxantrone cycles was 4. The OS endpoint was readily met, favoring cabazitaxel over mitoxantrone, HR ¼ 0.70 [95% confidence interval (CI), 0.59-0.83; P < 0.0001]. The median survival was 15.1 months in the cabazitaxel arm, compared with 12.7 months in the mitoxantrone arm (Fig. 2) . This was the first time an OS benefit for second line chemotherapy in mCRPC was shown. Secondary endpoints, in general, favored the cabazitaxel arm. PFS using a composite endpoint was also increased: 2.8 months versus 1.4 months, HR 0.74 (95% CI, 0.64-0.86; P < 0.0001). The median time to PSA progression was 6.4 for cabazitaxel versus 3.1 months for mitoxantrone. Pain responses and pain progression were not distinct between the 2 arms. An analysis of subsets clearly suggests that cabazitaxel retains activity in the patients treated with the highest docetaxel doses prior to trial entry (Table 2) . Though the exact explanation cannot be ascertained from clinical data, the implications are that those whose disease progresses after prolonged docetaxel pretreatments remain excellent candidates for cabazitaxel.
Toxicity, as expected, was similar to that experienced with other taxanes, though the febrile neutropenia rate (7.5%) and death within 30 days of the last infusion (5%). Most of the deaths were due to neutropenia and consequences. Grade 3 to 4 neutropenia was 82% in the cabazitaxel arm versus 58% in the mitoxantrone arm. Given this risk of myelosuppression associated with cabazitaxel therapy, newer trials are being designed to assess the activity of lower doses of cabazitaxel. It should be noted that in TAX327, 3% of patients treated with docetaxel developed febrile neutropenia, and 2 deaths were due to sepsis (of 332 patients; ref. 30); thus, suggesting that some of the ability of cabazitaxel to overcome taxane resistance may be due to increased dose intensity. The U.S. Food and Drug Administration (FDA) label has provided specific recommendations on the use of granulocyte colony stimulating factor, and prescribing physicians are urged to be Research.
on April 19, 2017. © 2011 American Association for Cancer clincancerres.aacrjournals.org Downloaded from familiar with these guidelines for both primary and secondary prophylaxis. Of note, a similar dose and schedule of mitoxantrone in the "upfront" mCRPC setting showed a 22% rate of grade 3 to 4 neutropenia (13). Differences may be attributable to the underlying patient population or the weekly collection of blood counts in the TROPIC trial. Other grade 3 to 4 toxicities in the cabazitaxel arm included diarrhea at 6%, grade 3 to 4 fatigue and/or asthenia at 5% each, grade 3 to 4 nausea and/or vomiting at 2%, hematuria at 2%, and abdominal pain at 2%. Neuropathy was surprisingly mild.
Strategies for Overcoming Taxane Resistance
Intermittent chemotherapy. Given that both of the FDAapproved chemotherapeutic agents that have shown a survival advantage in prostate cancer are taxanes, strategies are needed to overcome taxane resistance (Table 3; refs. 29, 30) . One potential approach is intermittent treatment with a taxane, which may serve 2 purposes. First, with less constant exposure to the drug, from a theoretical perspective, one is less likely to "select" for taxane-resistant cell populations and, thereby, potentially delay the development of taxane-refractory disease. Second, from a clinical perspective, breaks in therapy or "drug holidays" may improve the quality of life for patients, allowing them to recover from the cumulative toxicity of chemotherapy during these "drug holidays." Resolution of drug side effects may also allow taxane therapy to be prolonged, given evidence of clinical efficacy, which could also improve outcomes (31, 32) .
This intermittent approach was prospectively evaluated in a study of 250 patients randomized to 36 mg/m 2 of docetaxel administered weekly with either high-dose calcitriol or placebo. The investigators established arbitrary guidelines requiring that patients have a PSA decline of >50% and a PSA 4 ng/mL to qualify for a drug holiday. Qualifying patients remained on a treatment break until objective evidence of disease progression or PSA increased by 50% to a value >2.0 ng/mL. Approximately 20% (n ¼ 45) of patients met these rather strict criteria for intermittent therapy, regardless of which arm of the study they were randomized to. Furthermore, 90.9% of patients were responsive to docetaxel upon resumption of therapy. Response was measured as either a second decline of 50% (45.5% of patients on drug holiday) or PSA stabilization (45.5% of patients). At last reported follow-up, approximately 36% of the 36 patients who resumed therapy met the same holiday criteria and were able to undergo at least 1 more additional break from therapy. In evaluable patients, the first drug holiday lasted a median of 18 weeks, and the second lasted a median of 11 weeks (33).
Other trials employing intermittent docetaxel in combination with other antineoplastic agents, as well as less stringent criteria for allowing drug holidays, have reported similar findings (34, 35) . The results from a phase II study at the National Cancer Institute involving docetaxel combined with antiangiogenesis agents reported a median OS of >28 months, which compares favorably to contemporary trials that did not employ an intermittent strategy (35, 36) . These data suggest that prolonged chemotherapy facilitated by intermittent treatment holidays could result in increased clinical benefit and, ultimately, prolonged survival.
In light of these findings, investigators have considered building on this strategy by employing alternative therapies during the holiday period as a way of extending the break. Biologic therapies have been suggested as possible treatments during the break from chemotherapy, in order to give patients an opportunity to recover from toxicity (34, 37) . Such agents could potentially include monoclonal antibodies or immunomodulatory agents, as well as therapeutic cancer vaccines and modern hormonal therapies, which have shown a survival advantage in metastatic prostate cancer (29, 38, 39) . These therapies may have greater clinical benefit after initial docetaxel therapy has debulked the tumor or stabilized its growth. More focused testing of this hypothesis should be a clinical trial priority. Chemotherapy combinations. Therapeutic combinations have also been employed to overcome taxane resistance in prostate cancer, although targeting the microtubule apparatus with multiple agents, such as docetaxel and estramustine, has not yielded improved outcomes (40) . Targeting multiple mechanisms of tumor-cell proliferation has been extensively investigated. One such combination in prostate cancer includes taxanes with platinum-based chemotherapies, whose DNA-alkylating properties are cytotoxic. Two small studies have shown modest benefits with the addition of carboplatin to docetaxel in patients whose disease progressed on docetaxel alone. About 20% of patients had delayed disease progression of approximately 3 to 6 months and !50% PSA declines (41, 42) . For a subset of patients requiring continued taxane therapy, a combination of a taxane and platinum may be a valid approach; however, no level I evidence exists to support the use of platinums in this setting. A randomized phase III trial of prednisone versus satraplatin (an oral platinum agent) and prednisone in patients who progressed on chemotherapy showed no OS benefit for patients treated with satraplatin (43) . Although multiple combination trials were planned, no large trials were ever completed after the failure of the definitive phase III study.
Angiogenesis plays a potentially critical role in prostate cancer; thus, angiogenesis inhibition has also been evaluated in the treatment of prostate cancer (44, 45) . Although single-agent studies in prostate cancer have indicated minimal clinical impact, a large phase III study was conducted on the basis of the rationale that targeting neovasculature and microtubules could enhance the clinical impact of docetaxel alone (46) . The results of this study, however, indicated that despite delayed disease progression, the antiangiogenic agent bevacizumab in combination with docetaxel did not significantly prolong survival relative to docetaxel alone (36). Nonetheless, angiogenesis may be a viable target in combination with docetaxel therapy if angiogenesis suppression can be maximized, thereby potentially limiting the escape mechanisms that can develop with current angiogenesis inhibitors (47) . A phase II trial has combined 2 antiangiogenic agents, bevacizumab and thalidomide, with docetaxel. The results of this study, which also employed flexible dosing including drug holidays, suggest that this approach may substantially improve outcomes while yielding manageable toxicities, which included neutropenia in all patients that was successfully mitigated with growth factor support. Compared with docetaxel and bevacizumab in the phase III trial, the combination of docetaxel, bevacizumab, and thalidomide yielded a greater percentage of major PSA responses (90% versus 69.5%) and prolonged median OS (28.2 versus 22.6 months; refs. 35, 36) . Furthermore, anecdotal evidence from the docetaxel-bevacizumabthalidomide regimen suggests that patients with progressive disease on docetaxel alone can subsequently respond to further treatment when angiogenesis inhibition is added, perhaps suggesting a way to resensitize progressive disease to taxanes (48) . Although a randomized prospective study will be required to confirm these tantalizing findings, numerous ongoing studies of docetaxel with angiogenesis inhibition, among other targeted agents, are showing merit in prostate cancer (Table 4 ; refs. 42, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Until recently, agents that targeted the AR were thought to have a limited role in the treatment of patients whose disease had progressed on docetaxel. But recent studies have improved our understanding of androgen signaling and dramatically altered that notion (61) . Abiraterone targets the CYP17 enzyme, further limiting testosterone production in patients with prostate cancer beyond gonadotropin-releasing hormone agonists alone (62) (63) (64) . In a phase III trial, this modern update of ketoconazole showed a survival advantage in patients who had progressive disease on docetaxel. As a result, abiraterone was approved by the FDA (29) . Similarly, MDV3100, an AR antagonist (ARA) that is substantially more potent than commonly used ARAs such as bicalutamide, has shown preliminary (60) clinical evidence of efficacy in patients previously treated with docetaxel (65, 66) . Growing evidence of the pivotal role of androgen signaling in the postchemotherapy setting has renewed interest in combining taxane-based chemotherapy with modern hormonal agents in patients with metastatic disease. Such combinations have been previously evaluated, but in this new context, the findings may have greater significance. One study combined docetaxel with ketoconazole, a potent CYP3A4 and a first-generation CYP17 inhibitor, in 42 patients with mCRPC. This study allowed holidays from docetaxel, but gave patients the option of continuing ketoconazole during the breaks from chemotherapy. Median OS of chemotherapy-naive patients (n ¼ 27) in this study was 36.8 months. It is interesting to note, however, that patients who had previously progressing disease on docetaxel (n ¼ 15) had a median survival of 10.3 months when docetaxel was reintroduced with ketoconazole (67) . Although this was a small trial, the OS of taxane-naive patients compares favorably with contemporary studies. These hypothesis-generating data suggest that concurrent CYP17 inhibition may prolong taxane sensitivity, perhaps by suppressing secondary androgen production, but may not be effective at salvaging taxane efficacy. These data also suggest that combining a taxane with a secondgeneration CYP17 inhibitor such as abiraterone, or with a modern hormonal agent such as MDV3100, may be more clinically beneficial than treatment with a taxane alone.
Promising phase I data have also indicated the safety of combining a bone-seeking radiopharmaceutical with docetaxel. Agents such as 153 Sm ethylenediaminetetramethylenephosphonate ( 153 Sm-EDTMP) are intravenously administered and preferentially deliver beta-emitting radiation to areas of newly remodeled bone, such as sites of osteoblastic bone metastases (57) .
153 Sm-EDTMP has been shown to significantly reduce bone-related pain in patients with metastatic prostate cancer and is approved by the FDA for palliation (55, 68, 69) . A phase I study endeavored to combine targeted radiation ( 153 Sm-EDTMP) to the bone metastasis microenvironment with systemic treatment in the form of docetaxel. In the 28 patients evaluated, the primary finding was that the combination was well tolerated and did not result in dose-limiting myelosuppression, a toxicity of both therapies. Furthermore, 58% of patients had a !50% PSA decline, and similar proportions of patients had a !50% PSA decline among those who were previously treated with a taxane (n ¼ 8) or those who were considered taxane refractory (n ¼ 4). The findings of this study indicate that radiopharmaceutical combinations with docetaxel warrant further investigation and may impact the chemosensitivity of the underlying disease. In addition, recent studies with a new radiopharmaceutical, radium-223, have indicated that this agent may have a preferred side-effect profile relative to 153 Sm-EDTMP (70, 71) . A combination study of radium-223 and docetaxel is currently ongoing (72) .
Conclusion
Despite the advent of multiple new treatment options in the last 2 years, the role of taxane-based therapy will continue to be evaluated for patients with mCRPC. It remains to be seen whether combinations of the newer agents with taxanes will improve survival, as opposed to multiple, successive, single-agent therapies. In addition, the optimal sequence of therapy will be evaluated, including the potential of newer androgen-synthesis inhibitors to enhance or abrogate subsequent taxane activity. Furthermore, the role of emerging biomarkers has yet to be defined (73) . Well-designed, prospective trials will provide valuable guidance on these issues. Multiple phase III trials are now in progress. OS is the most common endpoint, but we note that Prostate Cancer Working Group II criteria are increasingly being adopted (74) . As additional drugs are approved that change survival, it will be very important to validate endpoints other than survival, particularly when drugs are studied earlier in the disease.
Although novel hormonal agents and immunologicbased therapies have shown improvements in survival, taxane-based therapy will continue to be a viable option for patients with metastatic castrate-resistant disease for the foreseeable future (75) . Thus, strategies to enhance the efficacy of taxane-based treatments will continue to remain vital for patients with advanced disease. 
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